Abstract: The oxidation of 1-(4-ethoxy-3-methoxyphenyl)propane (2) and 1-(4-ethoxy-3-methoxyphenyl)propene (3) by meso-tetra(2,6-dichloro-3-sulphonatophenyl)porphyrin iron chloride (TDCSPPFeCI, 1) and tert-butylhydroperoxide (t-BuOOR) are discussed. In addition to a Ca-hydroxylation product, demethoxylation and direct aromatic ring cleavage products were found in the oxidation of 2. When 3 was oxidized by 1 and t-BuOOR in aqueous acetonitrile, an acetonitrile-incorporated product was found. A mechanism for the oxidation of 3 is proposed.
Introduction
Lignin is an aromatic, heterogeneous biopolymer composed of phenylpropanoid units, which are interconnected by C-C and C-O bonds. It occurs widely in plants in the form of lignocellulose (the complex of lignin and cellulose and hemicelluloses), the predominant land-produced biomass. Lignin is among the most persistent carbon-oxygen polymers in nature. Because of the close association of lignin and cellulose, lignin acts as a barrier to the biodegradation of lignocellulose. Lignin-degrading enzymes, lignin peroxidases (1, 2) and Mn(II)-dependent peroxidases (3), have been isolated from th~ most studied lignin-degrading white rot fungus, Basidiomyce Phanerochaete chrysosporium. Lignin peroxidases have been shown capable of catalyzing a variety of degradations and transformations of lignin model compounds (4) , including C ct -Cf3 cleavage of [3-0-4 and [3-1 dimers (1, 2), [3-0-4 cleavage of [3-0-4 dimers (5), C" oxi-1 (10) (11) (12) (13) (14) , C" oxidation (10, 12, 13) , and aromatic ring cleavage reactions (15) . We report in this paper the C" hydroxylation of the phenylpropane model compound, the C,,-C 13 double bond hydroxylation (glycol formation) of the phenylpropene model compound, along with other reactions of the two model compounds catalyzed by meso-tetra-(2,6-dichloro-3-sulfonatophenyl)porphyrin iron chloride (1, TDCSPPFeCl). Related water-soluble metalloporphyrins have also been used by Labat and Meunier (16) . Results and discussion Tien and Kirk (7) first found that lignin peroxidase catalyzed the hydroxylation of the benzylic methylene group of 2-(3,4-dimethoxyphenyl)ethanol to give 3,4-dimethoxyphenylglycol, which was then further oxidized at the C a position. Renganathan et al. (17, 18) also reported the C a hydroxylation of 4-ethoxy-3-methoxyphenylpropane by lignin peroxidase. In addition to the C a hydroxylation product (4) found earlier (17, 18) , oxidation of 1-(4-ethoxy-3-methoxyphenyl)propane (2) by TDCSPPFeCI and t-BuOOH in air at room temperature also gave 5, 6, and 7 as major products (Scheme 1). Small amounts of other unidentified products were found by TLC and GC analysis.
The formation of 2-ethoxy-5-propyl-2,5-cyclohexadien-l, 4-dione (5) is not unexpected since a similar product, 2-hydroxymethy 1-5-methox y-2,5-cyclohexadien-l A-dione, was found during the oxidation of veratryl alcohol by both lignin peroxidase (19) and by iron porphyrins (14). A muconate was first found in the oxidation of a f3-0-4 dimer by lignin peroxidase (20) . Direct ring cleavage products from the oxidation of veratryl acetate (14) and from veratryl methyl ether (21) have also been reported. The formation of 6 shows that ring cleavage is also an important reaction of the substituted phenylpropane substructure (8) of lignin. Phenylalkyl cleavage has been found in the oxidation of veratryl alcohol and derivatives by lignin peroxidase (19, (21) (22) (23) and by biomimetic systems (14) . A mechanism for the phenylalkyl cleavage of phenolic model compounds has been proposed (24) as shown in Scheme 2. Formation of 10 results from two one-electron oxidations of 8. Oxidation of 2 (Scheme 3) gave compound 7, which is an analog of intermediate 10, and the characterization of 10 supports the proposed cleavage mechanism (24) . Phenyl-alkyl cleavage of 7 did not 
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occur because of the absence of a hydroxy group at the C", position.
The alkoxy-substituted phenylpropane substructure (8) has been suggested all a chain terminus of lignin (25) . The relation between C", hydroxylation of this substructure and lignin biodegradation has not been established (7, 17, 18) . Leisola et aL (19, 23) have suggested a pathway of lignin biodegradation that involves the release of low molecular weight quinones and ring cleavage products from the chain terminii of lignin. The quinones and ring cleavage products so released are finally metabolized to carbon dioxide by the fungus, P. chrysosporium (23) . According to Leisola's hypothesis (19, 23) , demethoxylation and aromatic ring cleavage of 2 to give 5 and
R=CH20H or CHO 6 are more important degradative reactions for lignin biodegradation than the C", hydroxylation. It is possible that the Ca. hydroxylation product 4 or its Ca.-carbonyl analog cannot be metabolized directly, since it has been demonstrated that veratryl alcohol and its Co: oxidation product (veratraJdehyde) are not directly metabolized (23 
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Alkoxy-substituted phenylpropene substructures (11) are also found in the lignin chain terrmnii (25) . Diol fonnation was reported to be the first step in the biodegradation by P. chrysosporium culture of lignin model compounds containing this substructure (26) (27) (28) (29) . 1-(4-Ethoxy-3-methoxyphenyl)propelle (3) has been used as a model compound for this substructure of lignin. Lignin peroxidase (2, 17, 30) was shown to be able to catalyze the hydroxylation of 3 to give 1-(4-ethoxy-3-methoxyphenyl)-1,2-propanediol (12) . The oxygen of the 2-hydroxy group of12 was later shown to be from molecular oxygen (31) . TDCSPPFeCI (1) was found to closely mimic lignin peroxidase in the oxidation of 3. When 3 was oxidized by TDCSPPFeCI and t-BuOOH in aqueous acetonitrile in air, 4-ethoxy-3-methoxybenzaldehyde, the diol12, and the solvent-incorporated product 4-hydroxy-4-(4-ethoxy-3-methoxyphenyl)-3-methylbutyronitrile (13) were obtained (Scheme 4).
Cytochromes P-450 (32), which are monoxygenases and function by activating molecular oxygen, are able to catalyze diol fonnation from alkenes via an epoxide intennediate. Lignin peroxidases are peroxidases (7, 17, (33) (34) (35) having peroxidase and haloperoxidase activity (36) . No monooxygenase activity of lignin peroxidase has been reported so far. Because of the great chemical diversity of lignin structure, diol fonnation from lignin via an epoxide intennediate is unlikely since the substrate needs to approach the active site of cytochromes P-450 closely for direct oxygen atom transfer and epoxide formation to occur. The ability of the ligninolytic culture of P. chrysosporium to metabolize lindane (l,2,3,4,5,6-hexachlorocyclohexane) to carbon dioxide (37) suggests the presence of enzymic activity other than that of peroxidases, though it is still not clear which enzyme(s) is responsible for lindane degradation.
While no direct evidence is available to exclude the epoxide pathway of diol fonnation, the fonnation of 13 from the oxi-
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OEt dation of 3 certainly suggests radical fonnation as at least one of the pathways. Scheme 5 illustrates a pathway for the fonnation of 12 and 13. One-electron oxidation of 3 gives the cation radical. Attack at the cation radical by water gives the C 13 -centred radical, coupling of which with oxygen or a further oneelectron oxidation followed by reaction with water gives the diol 12. Coupling of the C 13 -centred radical with acetonitrile radical gives 13. In addition, when 3 was oxidized under oxygen (bubbling oxygen through the reaction mixture), little 13 was detected, probably because of the competitive coupling of molecular oxygen with the C 13 -centred radical.
In conclusion, although 8 and 11 substructures might be present in lignin in small amounts, we believe that the reactions of the phenyl propane and phenylpropene model compounds described above are important for lignin biodegradation since the two substructures are mostly located at the chain tenninal from where lignin biodegradation most probably begins.
Experimental
NMR spectra were recorded on a Varian XL 300 or a Bruker WH 400 spectrometer using tetramethylsilane as an internal standard. Low-resolution mass spectra (LRMS) were recorded on an AEI MS9 spectrometer and high-resolution mass spectra (HRMS) were recorded on a KRA TOS MS50 spectrometer. An HP 5890A gas chromatograph equipped with a 25 m HP17 capillary column was used for the GC analyses. Product yield was calculated based on GC peak area percentage of the total product peak area. Delsi Nermag RlO-lOC/Kratos MS80RFA instruments were used for the GCMS analyses. Infrared spectra were obtained on a Perkin-Elmer 1710 Fourier transfonn spectrometer. Preparative thin-layer chromatography (TLC) was perfonned on a model 7924T chromatotron (Harrison Scheme 5.
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Research) using silica gel 60 PF 254 as absorbent. Merck precoated silica gel 60 PF 254 TLC plate (0.2 mm) was used for analytical purposes. t-BuOOH, eugenol, and isoeugenol were from Aldrich.
Syntheses of model compounds Compound 2 and 3 were synthesized following reported procedures (38, 39) .
Oxidation of 1-(4-ethoxy-3-methoxyphenyl)propane (2) and 1-(4-ethoxy-3-methoxyphenyl)propane (3) Compound 2 (0.25 mmol) was reacted with t-BuOOH (1.25 mmo!) and TDCSPPFeCI (0.5 ~mol in 500 ~L of water) in 20 mL of I: I acetonitrile/pH 3 phosphate buffer (0.1 M) at room temperature in air for 3 h. Unreacted t-BuOOH was decomposed by adding solid potassium iodide. The solution was then extracted with ethyl acetate (3 x 10 mL). The iodine in the extract was removed by"washing with aqueous sodium thiosulphate. The organic extract was dried over sodium sulphate, filtered, and evaporated. One fifth of the residue was acetylated with excess acetic anhydride/pyridine (I: I) and analyzed by GC and GCMS. The rest was separated on a chromatotron as previously described (16) . Compounds 5, 6 , and 7 were obtained in 23, 18, and 20% yields, respectively.
The oxidation of 3 was carried out in the same manner as for 2, except that the reaction time was 2 h, to give 4-ethoxy-3-methoxybenzaldehyde (20%), 12 (33%), and 13 (18%). When the reaction was carried out for 3 h or longer, 4-ethoxy-3-methoxybenzaldehyde was the major product. (4) 
1-(4-Ethoxy-3-methoxyphenyl)propanol

